The first Born approximation is used to calculate all 16 Mueller scattering matrix elements for a single, continuous helix at any orientation with respect to the incoming light. The results are compared to those from a helix characterized by point-polarizable subunits using the Born approximation and the coupled-dipole approximation. The number of point-polarizable groups necessary to describe the helix is investigated by comparing the calculations using the continuous helix to those using the helix made of discrete subunits. It is found that for large helices, many subunits are necessary, so in these cases, the continuous model may be more applicable. Conditions for the necessity of including dipolar interactions are established as a function of the dielectric constant of the material.
I. INTRODUCTION
The Mueller scattering matrix fully describes the transformation of the polarization state of light upon scattering. L* The elements of this 4x4 matrix are inherent to the scattering medium. They thus contain information about the size, geometry, and optical properties of the scattering particle or collection of particles. Polarized light scattering is applied in many scientific fields such as ocean optics and biology.3" In order to fully exploit the information contained in measurements of the Mueller scattering matrix, models based on theoretical calculations must be developed to predict and understand light scattering from various structures.
Considerable progress has been made in the study of polarized light scattering by spherical particles. Bricaud and Morel used Mie scattering theory applied to homogeneous spheres to model light scattering from various marine micro-organisms. ' Quinby-Hunt et al. showed that comparing the Mie description of coated spheres with experimental data taken from marine chlorella yields information about the optical and geometrical properties of this alga.* Mie theory provides an exact solution to the problem ")Present address: Department of Chemistry, University of California, Berkeley, CA 94720.
of elastic scattering from a sphere. Unfortunately, Mie theory cannot be applied to other, more complex geometries, such as helices, where approximate methods must be used. Several authors have used various methods to model light scattering from helices."* The utility of each of these methods will ultimately be determined by comparison with experimental data. One of the few studies on light scattering from helical particles where theoretical predictions were compared to measurements was conducted by Wells et al. I3 These authors showed that a relatively simple model could be used to predict the Si4 Mueller matrix element measured from a collection of helical, screw-like, octopus sperm heads. Their model consisted of a thin wire helix made up of point-polarizable groups that do not interact (the first Born approximation). This model proved to be reasonably successful, but it is possible that a model that accounts for interaction between groups, the coupleddipole approximation, may be more successful in modeling these helical structures.
In this work, we evaluate the similarities, advantages, and disadvantages of a formalism based on the first Born approximation applied to a continuous helix vs formalisms that use a helix made of point-polarizable groups when interactions between groups are either included or ignored. The comparisons are made for single helices at various orientations with respect to the incident light. The method involving the first Born approximation for the continuous helix is based on previous work by Bustamante et aL9 These authors calculated the matrix elements Sit and St4 for single, continuous, thin helices either parallel or perpendicular to the incident light and for a collection of thin helices composed of point-polarizable groups. A nonzero Si4 resulted only when anisotropic polarizabilities were used. In the present work, all 16 Mueller matrix elements are calculated using the first Born approximation for a single, continuous, thin helix at any orientation to the incident light. The results are compared to the those calculated using the coupled-dipole approximation based on calculations by Singham and others.1'P' 4P'5 Using the coupled-dipole approximation, Singham eC al. showed that modeling a single helix can be accomplished using spherical or prolate (anisotropic) subunits with equivalent results." These authors also showed that, under certain conditions, interactions between dipoles can be ignored and a simpler theory, the first Born approximation, could be used. In the present work, the conditions under which the interaction between dipoles can be ignored are further explored. In addition, the use of a continuous helix as a model, rather than one composed of individual dipoles, allows the evaluation of the number of dipoles necessary to accurately describe a helix.
A generalized derivation of the Mueller scattering matrix in terms of the incident and scattered fields is presented first. The calculation of the scattered electric field for a continuous helix using the first Born approximation is described, the continuous-Born model. We will compare the continuous-Born model to models that describe the helix by point-polarizable groups. When interactions between subunits are included, the model is called the coupled-dipole model, and when these interactions are ignored, the model is referred to as the independent-dipole model.
As the number of subunits increases, the results of calculations using the independent-dipole model approach those using the continuous-Born model. The continuousBorn model could be used to evaluate the number of dipoles needed to accurately describe a helix. An expression was derived that assesses the importance of including dipolar interactions. This expression was then used to establish when dipolar interactions can be ignored for different materials. These results provide useful information that can be used towards a working theory of polarized light scattering from helices.
II. THE MUELLER MATRIX FORMALlSM
The simplest equation for the scattered electric field ES for a helix made of N noninteracting subunits is Shapiro et a/.: Polarized light scattering from helices 147 'X FIG. 1. The coordinate systems of the incidence frame and observation frames. The incidence frame is set along an arbitrary laboratory-fixed frame x,j+z. The incident light described by the propagation vector kc is shown along the z axis. The scattered light, described by the propagation vector k, is defined by the angles $ and 4. I$ is the angle between the x axis and k. 1+5 is the angle between the z axis and the projection of k onto the z-y plane. When C$ = n/2 (as shown), the scattering is observed in the y-z plane as a function of the scattering angle= Jt.
agation vectors of the scattered and incident fields, ii refers to the outer product of two unit vectors in the direction of propagation of the scattered light, and k is the wave number. The physical situation is shown in Fig. 1 
.5?)+$x&., l?y = .i$t x &,I ) so the primed frame is that of the observer and the unprimed frame is the incident frame. Equation ( 1) can be rewritten as (2:) =-j&e-(;:: 2:) (g),
where ( J,2= k3& . 5 ag-i*k.ra) . gy, ==I
J2, = k3Q 9 2 ag-i*k.ra) .2x, a=1 Jzz = k3+ . 5 aae-i*k.%) . gy, a=1
The elements of the Jones matrix describe the manner in which the scatterer alters the polarization state of light, but since the elements are complex numbers, they are difficult to measure. It is more convenient to describe the scattering in terms of intensities which can be measured directly. This can be done by defining a vector (the Stokes vector) in terms of intensities that completely describe the polarization state of light. The elements of the Stokes vector are defined as follows:
The coupled-dipole approximation was developed by Purcell and Pennypacker in 197316 and further developed by other authors.1'*'4,15*'7 Equation ( 1) describes the scattered electric field for the case of noninteracting subunitsthe independent-dipole model. The independent-dipole model, which is a first Born approximation, assumes that the electric field at each subunit is equal to the incident electric field and that each subunit reradiates as a single dipole. When interactions between dipoles are included, Eq. ( 1) becomes
where Tab the interaction matrix is determined by the relationship
I= (Ex+ E&) (total intensity of light), (12) where the subscripts a, 6, and c refer to a subunit, u^,, is the unit vector pointing from the ath to the cth dipole, and aab is the Kronecker delta.
($=&(ij g ij $)(ii). (7) The Mueller matrix elements S,, can be expressed as sums of products of the Jones matrix elements. The relationships between these quantities is as follows:
In the coupled-dipole approximation, a particle is modeled by N dipoles; 3N linear equations must be solved simultaneously in order to determine the net electric field at each dipole location. The solution of the simultaneous equations to find the electric field at each dipole is the limiting condition with the coupled-dipole method. If the object is modeled by a large number of dipoles (more than 200) or many orientations of a given particle are averaged, a fast computer such as the Cray is required. On the other hand, calculations of Mueller matrix elements using the first Born approximation can be done on a desktop computer. However, the first Born approximation does not include interactions between the dipoles. The importance of the interaction effects is determined by the interaction matrices rub. where a, is the radius, P is the pitch of the helix, and 0 runs from 0 to 277-1, where 1 is the number of turns of the helix. The polarizability tensor is defined in terms of components with unit vectors tangent (t), parallel(p), and perpendicular(n) to the helix
with (17) and a,, , a,,,, , and app are the strengths of the polarizability along the principle axes. The integral in Bq. (13) to be performed is then
where the volume integral has been converted to an integral over the parameter 8, which, through Eq. (14), defines the position along the helix.
To describe a randomly oriented helix, a and r' must be rotated 
Then the integrand becomes
where
The exponential The integral of Eq. (26) is straightforward and has been carried out using Mathematics." The term calculated in Eq. (26) can replace the sum in Eq. (5) in order to calculate the Jones matrix elements. The Jones matrix elements for a continuous helix are then
The Jones matrix elements lead directly to the Mueller matrix elements through Eq. (8).
A FORTRAN code was written to calculate the Mueller matrix elements using the formalism developed above. The input parameters are the length, pitch, polarizabilities (atdynnt a ) and radius of the helix, the Euler angles pp p defining the orientation of the helix, and the wavelength of the light. The program calculates the Mueller matrix elements as function of angle. The values of Sii and Si, agreed with those published previously for a helix oriented perpendicular to the incident light.19P20
Our continuous-Born model correctly predicts asymmetric scattering about the forward direction characteristic of anomalous scattering. When an imaginary part was included in the polarizability (corresponding to absorption), all the Mueller matrix elements were asymmetric about the forward direction when the azimuthal angle 4 was other than ?r/2. The asymmetry in Sit and St4 for 4#rr/2 (the phenomenon known as anomalous scattering) was observed by Bustamante et al. We observed and illustrated this phenomenon for several Mueller matrix elements in another report2' Anomalous scattering occurs when the wavelength of light is within an absorption band of the scatterer. The phenomenon is observed in x-ray crystallography as an asymmetry in the diffraction pattern above and below the equator about the forward direction.22 With the scattering geometry shown in Fig. 1 , light scattered off of the equator (the y-z plane) is described by an angle 4#7r/2. When 4 is a constant, not equal to an integer multiple of r/2, then the scattered light traces out a cone as a function of 1c, (see Fig. 1 ). The Mueller matrix elements are asymmetrical about the direction defined by $=O when measured on this cone. In this work, the azimuthal angle is set to 7r/2 for all the results shown, so that the Mueller matrix elements are calculated vs scattering angle.
The derivation of the analytical expression for the Jones [Eq. (27)] and Mueller matrix elements for the continuous helix is the main result of this work. In the remainder of this work, we compare calculations based on this result to those using independent-dipole and coupleddipole models.
V. POLARIZABILITY A method must be prescribed for assigning a value of the polarizability to the helix. For the models which use the first Born approximation, the Mueller matrix elements normalized by the total intensity St, are unaffected by a change in the absolute magnitude of the polarizability. They depend only on the ratios of the components of the polarizabilities ( atr,ann , PP a ). On the other hand, because the interaction matrices depend on the absolute strength of the polarizability, one must be careful in assigning polarizabilities when the coupled-dipole model is used. This section describes how polarizabilities are calculated for the coupled-dipole model. The same values can be used for the other two models.
The helix used in this work is composed of prolate spheroidal subunits whose major axes are tangent to the helix. The problem of assigning a polarizability to the helix becomes that of calculating the polarizability components for each subunit. Anisotropic polarizabilities are defined with principle axes as defined by Eq. ( 16) and shown in Fig. 2 . The normal and parallel components are equal (a,, =aPP). The magnitudes of the components of polarizability are related to the dimensions of the subunit by ai= w2d Er 3+3L,e,, ~=ttJn, where w and d are the lengths of the semiminor and semimajor axes of the spheroid, and Li is a geometrical factor defined by'*14
(29) and L,, = Lpp, where e= [ 1 -( w2/d2)]"2. The quantity E, is related to the effective dielectric constant of the subunit E and that of the surrounding medium E, by the relation
Shapiro et a/.: Polarized light scattering from helices (30) One must calculate the effective dielectric constant of the prolate spheroidal subunit. This quantity depends on the the bulk dielectric constant of the helix l aV,, that of the surrounding medium E, and the geometry of the subuniP4
(1-f k,+fB~ E avg = l-f+fP '
m J and f is a volumetric factor equal to ?r/6 for ellipsoids.
In practice, given E, , e,s, and the dimensions of the subunit, Eqs. (31) and (32) are solved for the effective dielectric constant of the subunit E. With this value, the polarizability components can be calculated for each subunit from Eq. (28). Changing the ratio E,,~/E, does not affect the calculated polarizabilities. Thus ai is a function of the size and shape of the subunits, and the bulk dielectric constant of the particle relative to the surrounding medium.
VI. A COMPARISON OF THE CONTINUOUS MODEL AND THE DISCRETE MODEL
The calculation of the Mueller matrix elements based on the continuous-helix model using the first Born approximation can be used to evaluate the number of dipoles needed in the discrete-subunit models to accurately de- Mueller matrix elements for a single stranded helix with varying number of subunits.-Continuous-Born, A independent-dipole, and ---coupled-dipole models. The helix is oriented at 45" with respect to the scattering plane in the x-z plane. Helix pitch, radius, and length = 500 nm and A = 1000 nm. Dielectric constant eaVg= 1.4, 6= 1. The spheroidal subunits are four times longer in the tangential direction than they are in the parallel and perpendicular directions (aspect ratio=4). For the continuous helix an= 1.348X lo5 nm3 and ann=aPP= 1.026~ 10' nm3 in (a), (b), and (c). (a) Seven subunits are used for the calculations involving point-polarizable groups. The subunits are 100 nm thick, so that a,,= 1.348~ lo5 nm3 and czn,,=aW= 1.026X 10' nm3. (b) Fifteen subunits, 50 nm thick, a,,=1.684~ lo4 nm3, and ann=aPP= 1.283X lo4 nm3. (c) Thirty-one subunits, 25 nm thick, a,,=2.105X lo3 nm3, and ann=aPP= 1.604X 10' nm3.
scribe a given helix. Results from the continuous-Born helix increases, there is eventual convergence between the model, which differ from those from a model using nonincontinuous-Born model and the independent-dipole model. teracting dipoles (the independent-dipole model), are due
We have found that the Continuous-Born and the to an insufficient number of dipoles used in describing the independent-dipole models always converge when a suffihelix.
cient number of dipoles are used. (The agreement in Fig. 3  Figure 3 shows that as the number of dipoles on the between the independent-dipole model and the coupled-dipole model shows that, for this case, interaction between dipoles need not be included.) In order to use a comparison between these two models to evaluate the number of dipoles necessary to model the helix, several factors have to be considered. The ends of the continuous helix must coincide with the ends of the first and last subunits of the discrete helix. The subunits must be evenly placed along the helix; small spaces between the subunits do not affect the calculation significantly. When modeling a helix with multiple turns, the subunits on each turn should be in phase with those on the next turn. The normalized (by S,, ) matrix elements calculated from both models using the Born approximation are unaffected by a change in the absolute magnitude of the polarizability. Therefore, these two models need only use polarizability components that have the same ratio a/a,, as that used in the coupleddipole approximation.
Singham et al. suggest that the number of subunits be such that their width be one-tenth and their length be one-fifth the incident wavelength or smaller." We find these conditions to be applicable in most, but not all, cases. For helices large compared to the wavelength of light, stricter conditions apply.
The differences between the results from the continuous-Born and the independent-dipole models might be interpreted as differences between an infinitely thin and a thicker helix. However, the following reasoning demonstrates that this interpretation is incorrect: the argument that the continuous-Born model describes an infinitely thin helix uses the following reasoning: in the independent-and coupled-dipole models, the helix is modeled by placing prolate spheroidal subunits end to end along the helical lattice. The thickness of the helix is given by the width of the subunit. Using longer subunits results in modeling a thinner helix. In order to fit more subunits on a given lattice, smaller subunits must be used. Therefore, a helix made of subunits with a particular aspect ratio (d/w) is thinner when more subunits are used. This implies that the continuous helix, which could be interpreted as being composed of an infinite number of subunits, is infinitely thin. However, the thickness of the helix, for all the models, is related to the components of the polarizability perpendicular to the helix [Eqs. (28)- ( 32)]. Thus, the assignment of a polarizability perpendicular to the helix defines a helix of some thickness. An infinitely thin helix would be one that has a polarizability that is defined only tangent to the helix. Therefore, by defining a perpendicular component of polarizability, the continuous helix has thickness by definition.
three approaches for a much thinner helix than the one used for Fig. 3 . The helix used in Fig. 4 is composed of subunits that are about 200 times longer than they are wide, whereas in Fig. 3 , the subunits used are four times longer than they are wide. The length of the subunits used for both figures are the same. If the "infinitely thin" supposition were correct, it might be expected, since the helix in Fig. 4 is so thin, that there would be better agreement between the continuous-Born and the independent-dipole models for the helix used in Fig. 4 than for the thicker one used in Fig. 3 . In Fig. 4(b) , the subunits used are 1 nm thick (l/1000 the wavelength of light) yet the difference between the two Born models is comparable to that in Fig.  3 (b) , where the helix is 50 times thicker. Therefore we must conclude that differences between the two Born models are due to an insufficient number of dipoles used to model the helix and not due to a difference in the thickness of the helix.
Among the three models, the continuous-Born model may be best suited to describe the light scattering from thin helices larger than the wavelength of light given current computer technology. Figure 5 shows scattering intensities calculated for a helix that has a radius and pitch five times the wavelength of light. The subunits used are about onetenth the wavelength in length and l/2000 the wavelength in width. When the helix is oriented at 45" to the incident light, calculations using the continuous-Born and discrete models differ significantly [ Fig. 5 (a) ]. These differences are not seen when the incident light is perpendicular to the helix [ Fig. 5(b) ]. If the number of dipoles used for Fig. 5  (360) is increased, the results of the discrete model calculations converge slowly to those of continuous-Born model. The results shown in Figs. 3 and 4 , where the geometrical parameters of the helix are about equal to the wavelength of light, are consistent with these conditions set forth by Singham et al. that the subunits be less than or equal to one-tenth in width and one-fifth in length of the wavelength of light. Figure 5 (a) demonstrates that these conditions do not always apply to larger helices.
VII. THE NECESSITY OF INCLUDING INTERACTION
The fallacy in the contention that differences in the predictions made from the independent-dipole and continuous-Born models are due to a difference in the thickness of the helix used in each model is illustrated in Fig. 3 . The two models show reasonable agreement for a helix that is 50 nm thick (l/20 the wavelength of light), and excellent agreement for a helix 25 nm thick. If the continuous helix truly represents an infinitely thin helix, it would not yield results equivalent to those calculated for helices that are so thick compared to the wavelength of light. Figure 4 shows the results of calculations using the As stated at the end of Sec. III, dipolar interactions are determined by the interaction matrix Tab. Dipolar interactions need not be considered when Tab calculated with the inclusion of these interactions is not significantly different from IY,, calculated when these interactions are ignored. When there are no dipolar interactions, the off-diagonalblock elements of rab are zero. It would be very difficult to derive an analytical expression for the interaction matrices of a system composed of numerous dipoles. To investigate the importance of including dipolar interactions, we have calculated the interaction matrices for a system composed of two dipoles. The analytical expression obtained in this calculation is used to establish practical guidelines for the importance of including dipolar interactions when calculating the Mueller matrix for helices. Two dipoles, having polarizabilities whose strengths along the principle axes are given by (pl,p2,p3) and (ql,q2,q3), respectively, are there are four 3 X 3 interaction matrices T'r , , JY'r2, r2r, and placed on the z axis a distance d apart. The directions of lYZ2. Let the interaction matrices that are calculated when the principal axes of the polarizabilities are chosen to be dipolar interactions are ignored be denoted as I-'$, and parallel to the coordinate system axes. For this system, those that allow for dipolar interactions be denoted &. The inclusion of dipolar interactions is unnecessary when where I'&&.
Subtracting these two matrices gives a matrix containing terms of the form 
where p/max is the largest component of the polarizabilities. The condition derived above [Eq. (35) ] serves to quantify the contributions of dipolar interactions. Computations of t&p?) using the method outlined in Sec. V show that for longer subunits, the denominator in the ratio of Eq. (35) d3 increases faster than the numerator. Thus Eq. (35) can always be satisfied as long as sufficiently long subunits are used. Therefore, the inclusion of dipolar interactions is unnecessary when sufficiently long subunits are used to model a single-stranded helix. The ratio in Eq. (35) is a function of e&e,, and the shape of the subunits used. For each value of e,,s/e,, a minimum aspect ratio (length/width) of the spheroidal subunits can be defined above which interaction can be ignored. Singham et al. found that when e,,s/e,,, is 0.4 or less, the subunits must be at least four times longer than their width in order to ignore interactions. Singham' s results translate into the condition 9 <0.002,
when applied to Eq. (35). Using this criterion and the ratio in Eq. (35), approximate values of the minimum aspect ratio of the subunits needed to ignore dipolar interactions can be determined (Table I ). Figure 6 illustrates that dipolar interactions can be ignored for a given aspect ratio of the subunits used to describe the helix when a small relative dielectric constant is used. When ea,,s/em= 1.4 and subunits with an aspect ratio of 2:l are used, dipolar interactions must be included to accurately calculate the Mueller matrix elements [Fig. 6(a) ]. In these plots, a sufficient number of dipoles were used so that the calculations from the two Born models agree reasonably well and the most reliable calculation is that of the coupled-dipole approximation. Even when the number of subunits is doubled, there are still significant differences between the coupled-dipole approximation and the Born models when the relative dielectric constant is 1.4 [ Fig. 6(a) Sl&Sll plot] . When a lower relative dielectric constant is used for a similar helix, dipolar interactions become less important [ Fig. 6(b) ].
VIII. DISCUSSION
The entire Mueller matrix has been calculated for a continuous helix using the first Born approximation. Results are shown for Si4, Sll, S34, and S,,, but the angledependent intensities of the other 12 elements have been calculated in our FORTRAN code. The analytical solution can be applied to a single helix at any orientation with respect to the incident light. Differences in the results from calculations using the continuous-Born model and the independent-dipole model indicate that an insufficient number of discrete subunits was used to represent the helix in the independent-dipole model. A comparison between these models can therefore be used to determine how many dipoles are needed to describe different helices. For helices large compared to the wavelength of light, many dipoles are needed to calculate accurately the Mueller matrix elements. The limit of the number of dipoles using current supercomputers is 1200 when dipolar interactions are included. Therefore, when the pitch and radius of the helix are larger than the wavelength of light, the continuousBorn model may yield the best results for thin helices. In general, the continuous-Born model is least computer intensive. The coupled-dipole model, by including dipolar interactions, is the most rigorous solution. When computational power is not a consideration, the coupled-dipole approximation should always yield the best results.
The importance of including dipolar interactions when calculating the Mueller matrix elements of a singlestranded helix depends on the relative dielectric constant of the helix and the aspect ratio of the subunit used to model the helix. For larger relative dielectric constants, calculations must include larger aspect ratios in order to ignore interactions. In this case, if one wishes to avoid using the rigorous coupled-dipole approximation, one is limited to modeling thinner helices in order to guarantee that the dimensions of the subunits of the helix be sufficiently small relative to the wavelength of light. For small relative dielectric constants, where the aspect ratio can be 2:l without the need to include dipolar interactions, one can adequately model a helix l/10 the wavelength of light in thickness without having to include dipolar interactions. Table I gives a practical guide to the minimum aspect ratio, and hence maximum thickness, of a helix that can be modeled without including interactions. For thicker helices, the coupled-dipole approximation must be employed. Dipolar interactions become more important when modeling thicker structures. A helix that is of a thickness of the order of the wavelength of the light must be modeled with several strands. Attempts made in this investigation to define triaxial polarizabilities to compensate for dipolar interactions between strands in the same way that biaxial polarizabilities compensate for interactions along a single strand did not work. Unfortunately, the number of subunits needed per strand to accurately describe the helix probably does not decrease as more strands are introduced. Thus, the application of the coupled-dipole approximation to thicker helices requires a lot of computer power.
It has been shown that for any ensemble of randomly oriented particles, Ss4, Si3, SZ3, and their transposes are zero in the first Born approximation.23 S34 appeared to agree well in all our comparisons between first Born approximation models and the coupled-dipole formalism 1 4 in a medium with E= 1. Fifteen subunits are used for the calculations involving point-polarizable groups. The subunits are 100 nm thick, a,,=6.274~ lo4 nm3, and arm= a =5.315X lt? nm3. These same values for a are used for the continuous helix. Two additional curves are shown in the plot of S,,, where 31 subunitF50 nm wide are used with a,=7.842~ lo3 nm3 and a,,=aPP=6.644x lo3 nm3. 0 Independent-dipole, Cl coupled-dipole. (b) Dielectric constant e,"s= . , 1 1 e=l. Fifteen subunits, 100 nm thick, a,l= 1.587X lo4 nm3, and ann=app = 1.518 x 104 nm3. These same values for a are used for the continuous helix. made for thin helices. This implies that S,, will be small in the orientational average for these thin, single stranded helices even when dipolar interactions are included. Dipolar interactions contribute to the light scattering from thicker helices for a given relative dielectric constant. S34 may therefore be largely dependent on the thickness of a particle. This is consistent with the success of using S34 to size bacteria populations.3
In summary, we find that as the number of subunits increases, the results of calculations using the independentdipole model approach those using the continuous-Born model. The continuous-Born model could thus be used to evaluate the number of dipoles needed to accurately describe a helix. When dipolar interactions are found to be unnecessary, a comparison between the continuous-Born model and the independent-dipole approximation could be used to determine the necessary number of dipoles. Equations (35) and (36) describe the importance of including dipolar interactions. Table I can be used to establish when dipolar interactions can be ignored for materials with different dielectric constants and thicknesses. These results provide useful information that can be used towards a working theory of polarized light scattering from helices.
